SUMMARY. Field studies were conducted in 2004 and 2005 to determine the effectiveness of a seed treatment, an in-furrow treatment, and foliar applications of insecticides for control of the carrot weevil [Listronotus oregonensis (Coleoptera: Curculionidae)] in processing carrot (Daucus carota). Carrot seed treated with fipronil resulted in significantly less root damage at harvest then did the in-furrow application of thiamethoxam or multiple foliar applications of diazinon or spinosad in both years, and resulted in significantly higher yields compared with all other treatments in 2004. Seed treatments with fipronil should be considered for future registration on carrot. Such registration would allow early to midseason protection of carrot from weevil damage and compliment the current management program of foliar sprays to control adult weevils.
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T he carrot weevil is the most economically important insect pest of carrot in the northeastern United States (Simonet and Davenport, 1981) . In New Jersey, adults overwinter in and near hedgerows and fields where carrots were grown the previous year, emerging in late April to early May (Ryser, 1975) . Adults feed directly on leaves and crowns of carrots, and females oviposit from early May through June in carrot roots (Ryser, 1975) . Larvae tunnel extensively throughout the upper third of the roots, damaging 80% or more of the carrots in untreated fields (Zimmerman et al., 2004 ). Pepper (1942 reported two full broods with a partial third brood in northern New Jersey, and three full broods with a partial fourth in southern New Jersey.
Growers currently use multiple foliar sprays of diazinon, esfenvalerate, or cyfluthrin for control of carrot weevil; no other insecticides are labeled for use on carrot in New Jersey. Control of the carrot weevil is difficult because the female deposits her eggs directly in the roots, thus eliminating the potential for larval control. Consequently, pesticide applications are directed at adults to prevent or reduce oviposition. Carrot weevil damage has been increasing on New Jersey carrot farms during the past several years, and yield losses exceeded 75% on farms in Salem County in 2002 and 2003. These losses may partly be due to the cancellation of persistent broad-spectrum insecticides once labeled for carrot weevil control, such as parathion, azinphos-methyl, and phosmet, until the early 1990s. Additionally, the increase in carrot weevil damage may also be attributed to limited acreage for crop rotation, an important pest management tactic for carrot weevil (Grafius, 1984 (Nault et al., 2005) , and chironomid larva [Chironomus tepperi (Diptera: Chironomidae)] (Stevens et al., 1998) . The present trials were conducted to compare the effectiveness of a seed treatment of fipronil, an infurrow application of thiamethoxam, and multiple foliar applications of spinosad or diazinon directed at the base of the plant for control of the carrot weevil in processing carrot.
Materials and methods
'Campbell's SDC 1374' carrot (Campbell Seeds, Woodland, CA) were seeded into a Sassafrass sandy loam (pH 5.9) field each year at the Rutgers Agricultural Research and Extension Center, Bridgeton, NJ, with a John Deere Agricola Vacuum Seeder (Deere & Co., Moline, IL). Each plot consisted of three rows of carrots, 15 inches apart, on a 5-ft-wide bed that was 25 ft long, replicated four times in a randomized complete block design. All rows were treated, but only the center row was used for data collection. All plots received an application of 60 lb/acre of calcium nitrate (15N-0P-0K, YaraLiva Tropicote 15-0-0; Yara North America, Tampa, FL), applied 1 week preplant broadcast and incorporated into the soil, then a second application of 120 lb/acre of calcium nitrate (YaraLiva Tropicote 15-0-0) was applied and incorporated 4 weeks after planting each year. Herbicide and fungicide maintenance sprays were applied as recommended for carrot production in New Jersey (Garrison, 2004) . The seed treatments were prepared and seeds were coated by G. Oliver (BASF Ag Research, Research Triangle Park, NC). The in-furrow treatments were applied with a carbon dioxide-pressurized backpack wand sprayer (R&D Sprayers, Opelousas, LA) with a single nozzle (8002EVS; Spraying Systems, Wheaton, IL) per row, directed into the row in a 4-inch band in front of the press wheel at planting using 30 gal/acre at 48 psi. All foliar treatments were applied with a carbon dioxide-pressurized backpack sprayer (R&D Sprayers) with a single hollow cone nozzle (TXVS18; Each year, 25 carrots from the center row of each plot were harvested, carrots were washed and trimmed, and the number of carrots with weevil damage were counted and recorded; all marketable carrots were weighed. The percentage of damaged carrots was analyzed using the square root transformation, and all data were subjected to a two-way analyses of variance using SAS (version 6.06; SAS Institute, Cary, NC). Separation of the treatment means was determined by application of Tukey's honestly significant difference Studentized range tests (version 6.06; SAS) at a probability level of 0.05.
2004. Carrots were seeded on 22 Apr. Foliar treatments were applied on 4, 16, 25 June, and 6, 16, and 26 July. On 28 May, 25 carrot seedlings in the center of each plot were counted and marked with a 12-inch-long wooden stake at the beginning and the end of those seedlings. The number of plants between the stakes was recounted on 18 June to determine seedling loss. Twenty-five carrots from the center row of each plot were harvested on 6 Aug., washed, trimmed, and the numbers of carrot-weevil damaged roots were recorded to determine the percentage of damaged carrots. Total weights of carrots from each treatment were then recorded.
2005. Carrots were seeded on 4 Apr. Foliar treatments were applied on 7, 15, 22, 30 June and 8 July. On 20 May, 25 carrot seedlings in the center of each plot were counted and marked as in 2004. The numbers of plants between the stakes were recounted on 1 July. Twenty-five Any two means within a column not followed by the same letter are significantly different via Tukey's honestly significant difference Studentized range tests at P £ 0.05. Any two means within a column not followed by the same letter are significantly different via Tukey's honestly significant difference Studentized range tests at P £ 0.05.
carrots from the center row or each plot were harvested on 29 Aug., washed, trimmed, and the numbers of carrot-weevil damaged roots were recorded. Total weights of carrots for each treatment were then recorded.
Results
In 2004 and 2005, the numbers of seedlings damaged or destroyed early in the season (April-May) by the carrot weevil were not significantly different (F = 1.339; df = 4,12; P = 0.05 and F = 1.149; df = 4, 12; P = 0.05, respectively) among treatments (Tables 1 and 2 ).
In 2004, the percentage of carrots with weevil damage at harvest was significantly (F = 23.962; df = 4, 12; P = 0.05) lower in plots that received the fipronil seed treatment compared with all other treatments (Table 1) , while the in-furrow treatment of thiamethoxam only had significantly less damage than did the untreated; there were no significant differences for damaged carrots among thiamethoxam or the foliar sprays of diazinon or spinosad ( Table  1 ). Plots that received the fipronil seed treatment also had significantly (F = 11.219; df = 4, 12; P = 0.05) higher total yields in 2004 compared with all other treatments.
In 2005, carrot weevil pressure was extremely high, as shown by the percentage of damage to the carrots in all plots (>73% damage) except the seed-treated plots (28% damage). Although this damage was commercially unacceptable in all plots, including the seed treated plots, the fipronil seed treatment again resulted in significantly (F = 15.628; df = 4, 12; P = 0.05) less weevil damage than all other treatments. At harvest, there were no significant yield differences (total carrot weights) among treatments (F = 0.663; df = 4, 12; P = 0.05) ( Table 2) .
Discussion
In these trials, there were no significant differences among treatments in the numbers of seedlings damaged or destroyed early in the season by the carrot weevil either year. Although carrot weevils are attracted to carrot before the plants reach the six-leaf stage, early damage is usually confined to minor feeding to the leaves and petioles (Cress and Wells, 1977) , and such damage would likely have little effect on yields, as carrot roots are only starting to develop.
Plots that received the fipronil seed treatment had significantly less carrot weevil damage at harvest than did all other treatments in 2004 . Ryser (1975 reported that the highest numbers of adult weevils caught in carrot weevil traps in New Jersey occurred before early summer, and the population then decreased in June and July until early fall. If a seed treatment or other systemic insecticide protected the carrots until the carrot weevil population declined in mid-June, it would have an advantage over foliar applications of insecticides that would be susceptible to environmental degradation, wind, and rainfall at time of application, and other factors. Thus, protection of carrots through midsummer is critical to preventing or reducing weevil damage to carrots at harvest.
Plots that received the fipronil seed treatment had significantly higher yields compared with all other treatments only in 2004. Carrots damaged by carrot weevils can have extensive tunneling throughout the root, but the plants may still produce large carrots. Boivin (1988) reported that adult feeding, oviposition punctures, and subsequent larval feeding of the carrot weevil in carrot did not decrease carrot stand significantly, although quality decreased.
In conclusion, our studies demonstrate that a fipronil seed treatment for carrot is significantly more effective for carrot weevil control than an infurrow application of thiamethoxam or multiple spray applications of diazinon or spinosad. Seed treatment methods generally require much less a.i. per unit area to provide a comparable level of control relative to other application methods, including in-furrow applications. Taylor et al. (2001) reported that cyromazine seed treatment used less than 85% a.i. per hectare compared with an in-furrow drench application of chlorpyrifos. The potential registration of this new chemistry insecticide as a seed treatment would provide carrot growers an effective management option for control of carrot weevil in carrot.
